ABSTRACT A mapping population segregating for egg quality traits was created by a line cross between two egg layer lines and screened by a genome scan. The F 2 generation consisted of 307 hens, which were scored for egg quality and production traits. The mapping population was genotyped for 99 microsatellite loci, spanning nine macrochromosomes and five small linkage groups. The linkage maps were used in mapping QTL affecting 14 traits, by using multiple markers and a least-squares approach. We detected 14 genomewide significant and
INTRODUCTION
The most important goal in egg layer breeding is to produce high numbers of good quality eggs with low production and handling costs. Poor egg quality, i.e., poor eggshell strength and egg white thinning, is the major factor affecting egg stability; when common, poor egg quality causes economic losses at all production stages. Eggshell strength and egg white thinning are quantitative traits, i.e., the observed phenotypes are continuously distributed and reflect the interaction of QTL and environmental effects. Estimated heritabilities for these traits vary between 0.0 and 0.6 (Washburn, 1990) .
The breeding of egg quality traits by traditional methods is difficult because the phenotypic measurements are time consuming, and their use in breeding programs is complicated due to unfavorable negative correlations with other relevant traits. The most important selection decisions for males are made on the basis of performance tests of their full-sib sisters. Therefore, direct selection of males based on their actual genotypes for important genes or markers 2002 Poultry Science Association, Inc. Received for publication February 22, 2001 . Accepted for publication February 20, 2002. 1 To whom correspondence should be addressed: maria.tuiskulahaavisto@mtt.fi. 919 six suggestive QTL that were located on chromosomes 2, 3, 4, 5, and 8 and sex chromosome Z. A significant QTL affecting egg white thinning was found on chromosome 2. For eggshell strength, a significant QTL was found on chromosome Z. For production traits, the most interesting area was on chromosome 4, where highly significant QTL effects were detected for BW, egg weight, and feed intake in the same area. The most significant QTL explains 25.8% of the phenotypic variance in F 2 of body weight. An area affecting the age at first egg, egg weight, and the number of eggs was located on chromosome Z.
linked to these genes (marker-assisted selection), rather than on their estimated breeding value, could greatly enhance breeding for egg quality.
The chicken genome consists of 38 pairs of autosomes and sex chromosomes Z and W. The chromosomes can be classified into two size groups, nine macrochromosomes and 30 microchromosomes (Bloom et al., 1993) . In chickens, the male is the homogametic sex (ZZ), whereas the female is heterogametic (ZW). The classic genetic map of chicken consisted of 119 loci of morphological mutations, biochemical polymorphisms or chromosome breakpoints, 44 of which had map positions (Bitgood and Somes, 1993) . Three different chicken reference populations have been previously used for genetic linkage mapping studies. The Compton population is a backcross of two partially inbred White Leghorn (WL) lines (Bumstead and Palyga, 1992) . The East Lansing population is a backcross between partly inbred Red Jungle Fowl and an inbred WL line (Crittenden et al., 1993) , whereas the Wageningen reference population is a cross between two extreme commercial broiler dam lines .
The most recent consensus genetic linkage map based on these three mapping populations spans 3,800 cM and comprises 235 gene markers and 801 microsatellite markers (Groenen et al., 2000) . A few economically important genes, e.g., the dwarf and naked neck genes have been identified in chickens, and effects of some polymorphisms in protein or blood group loci have been studied (Merat, 1990) . Some studies have reported associations between genetic markers and quantitative traits (Bacon et al., 2000; Dunnington et al., 1990; Dunnington et al., 1992; Feng et al., 1997 Feng et al., , 1998 Lakshmanan and Lamont, 1998) . In terms of egg production and eggshell quality, associations have been found for polymorphisms in the putative candidate genes IGF-1, GH, and GHR in the growth hormone endocrine pathway (Feng et al., 1997; Kuhnlein et al., 1997; Nagaraja et al., 2000) .
Recent development of statistical methods and comprehensive linkage maps of the chicken genome has provided tools for mapping loci affecting quantitative traits. However, only few genomewide QTL scans have been reported in poultry, and none of these has involved production and egg quality traits in layers. In recent QTL mapping studies, loci have been identified that affect growth and feed efficiency of broilers (van Kaam et al., 1999) or susceptibility to Marek's disease in WL inbred lines (Vallejo et al., 1998; Yonash et al., 1999) .
The aim of the present study was to localize QTL affecting egg quality and production traits by a genome scan of egg layers. For this purpose, two egg layer lines differing in eggshell strength and egg white thinning were crossed to create a mapping population segregating for these traits. Egg quality was measured as eggshell quality (eggshell strength and specific gravity) and egg white thinning (Haugh units; HU). The egg production traits measured were age at first egg (AFE), the mean egg weight, number of eggs (EN), BW, feed intake per day, and feed efficiency.
MATERIALS AND METHODS

Experimental Population
The two extreme lines crossed to create the mapping population were the Rhode Island Red (RIR) and a WL. The RIR was imported to Finland in 1936 and it was crossed in the 1980s with Hisex-Brown and ISA-Brown. The slow feathering (K) (k + rapid feathering and K slow feathering) gene on the Z chromosome is segregating in the RIR line. The K gene has been reported to affect growth, egg production and fitness (Chambers et al., 1993) . The WL line has been kept at MTT Agrifood Research Finland since 1987, with selection on feed efficiency, egg mass production, and egg quality. These two lines showed the largest pairwise genetic distance among the eight lines that were studied for genetic diversity (Vanhala et al., 1998) . In the grandparental lines, the average HU was 53 in RIR and 91 in WL, whereas a normal average is 70 HU. The average specific gravity 3 SAS Institute Inc., Cary, NC.
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OTAL Precision Company Limited, Canada. was 1.082 for grandparental RIR individuals and 1.059 for WL. The phenotype for the K gene was known for the RIR grandparents and six of eight F 1 males were heterozygous (K / k + ). The K phenotype was not scored in the F 2 generation.
Four individuals, two hens and two roosters from each line were chosen as grandparents. From each of the resulting four F 1 families, eight F 1 hens and two F 1 roosters were crossed to produce 307 F 2 hens in three hatches. All individuals were genotyped and phenotypes were recorded for F 1 and F 2 generations. The mating plan is illustrated at http://www.mtt.fi/julkaisut/chickenqtl. The chicks were raised in cage pens with 15 birds in each cage. At 16 wk of age, the hens were moved into individual cages. The hens were fed ad libitum with a commercial concentrate, supplemented with barley, oats, and calcium. Calculated energy content of the feed was 2,530 kcal/kg, and the protein content 16.5% of dry matter. The lighting regime started with 10 h/d at 20 wk of age and was gradually increased by 0.5 h/wk up to 16 h. The chicks were vaccinated against Marek's disease on the day of hatching and against Gumboro at 4 and 40 wk of age.
Phenotypic Data. The analyzed traits and their abbreviations are specified in Table 1 . Three birds with an AFE over 250 d were excluded from the analysis. Prior to QTL analyses, phenotypes for AFE, BW at 40 wk of age (BW40), ENa (18 to 40 wk of age), ENb (41 to 60 wk of age), average egg weight from 18 to 40 wk of age (EWa), feed efficiency from 37 to 40 wk of age, eggshell strength at 40 wk of age (ES40), and feed intake per day from 37 to 40 wk of age (FI40) were corrected for the effect of hatch number using least squares analysis (SAS proc GLM).
3 Phenotypic correlations were computed to assess the level of dependence between the traits (http://www.mtt.fi/julkaisut/ chickenqtl).
Quality Traits. Egg quality was measured at 36 to 39 wk of age and at 57 to 58 wk of age. For each hen, one egg was collected per week. Albumen quality was measured in HU (HU40, HU60). Eggshell strength (ES40, ES60) was measured as compressive fracture force with a Canadian Egg Shell Tester.
4 Specific gravity measurements (at 40 and 60 wk of age) were made by Archimedes' principle. Specific gravity reflects the amount of calcium carbonate deposited per egg (Nagaraja et al., 2000) , assuming that increment of specific gravity is approximately equal to the increment in the ratio between eggshell weight (mostly calcium carbonate) and total egg weight.
Production Traits. Egg production was assigned to two distinct periods: early production (between 18 and 40 wk of age and represented by a) and late production (between 41 and 60 wk and represented by b). Sexual maturity was measured as the AFE, in days. EWa and EWb (41 to 60 wk of age) were measured as the means of weekly measurements (1 egg/wk) in the respective production periods. Egg number (ENa and ENb) was the total number of eggs in the period. BW was measured at 40 wk of age. FI40 (g/ d) and feed efficiency (kg feed/kg egg) were measured during 4 wk, from 37 to 40 wk of age. Genotyping. Blood samples (approximately 2 mL) were taken from the ulnar vein with a 21-ga, 1.5-inch injection needle. Blood was stored at −20 C in vacuum sodium Heparin tubes.
5 DNA was extracted as described previously by Vanhala et al. (1998) .
A total of 117 microsatellite markers from the linkage maps (http://www.ri.bbsrc.ac.uk/chickmap; http:// www.zod.wau.nl/vf/chickensite/chicken.html) were tested for informativity in the grandparental lines. Eighteen markers were discarded because a) there was complete homozygosity (ADL155, ADL247, PGR, TGFB2), biallelic markers had two alleles segregating with equal frequencies in both lines, or one of the two alleles was very rare (eight markers in total), or b) the markers were difficult to score (ADL24, HUJ3, MCW51, ROS3, HUJ10, MCW30). Markers used in the following analyses were optimized in multiplex sets of two to four markers.
The PCR was carried out in a total of 20 µL containing 50 ng genomic DNA, PCR buffer (10 mM Tris-HCl, pH 8.8; 1.5 mM MgCl 2 ; 50 mM KCl; and 0.1% Triton-X), 200 mM dNTP, 0.25 U Dynazyme II DNA Polymerase, 6 and 10 pmol of each primer. The PCR was performed for 5 min at 95 C and subsequently with 25 to 40 cycles consisting of the following steps: 30 s at 95 C, 45 s at an annealing temperature that varied from 43 C to 64 C depending on the marker, and 60 s at 72 C, followed by a final elongation step of 5 min at 72 C. Amplified PCR products were multiloaded onto a 6 or 5.5% gel with ALF 7 or ALF Express, 7 respectively. A mixture of 1 µL of PCR product, 1 µL of internal standard, and 4 µL of loading dye (formamide) was denatured at 95 C for 2 min. Fragment analyses were performed with Fragment Manager version 1.2 software.
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Linkage Analysis. Linkage analyses were performed using the CRI-MAP program package, version 2.4 (Green et al., 1990 first analyzed by the TWOPOINT option. A minimum LOD score of three was assumed to indicate linkage and was used for configuration of a linkage group. Option BUILD was used to order markers in a linkage group. Option FLIPS was used to check optional orders between adjacent markers. CHROMPIC was used to detect double (or triple) recombinants and potential genotyping errors.
Statistical Analyses. Mapping of the QTL loci was performed with regression analysis using multiple marker information on each linkage group. The F 2 data were analyzed following a line cross model (Haley et al., 1994) . The marker alleles in F 2 birds were traced back to their origin of RIR or WL birds. The resulting transmission probabilities provide the estimators for fitting a single biallelic QTL on a chromosome and estimating additive and dominance effects.
Line Cross Model. In the line cross model, it is assumed that the two founder lines, although they may segregate at the marker loci, are fixed for alternative alleles at the QTL affecting the traits of interest. For every F 2 individual, it is inferred what the probabilities are that it inherited two RIR alleles (p 11 ), two WL alleles (p 22 ), or one from each line (p 12 or p 21 ) at 1-cM intervals across the genome. Note that different subscripts indicate parental origin, with the first subscript indicating the paternally inherited allele.
In the line cross approach an additive effect (a) and a dominance effect (d) are estimated by using the regression of the phenotypes on probabilities p a = p 11 − p 22 and p d = p 12 + p 21 . At every centiMorgan across the genome the following model is fitted:
where y j is the trait score of bird j (adjusted for hatch effects), m is the population mean, a and d are the estimated additive and dominant effects of a putative QTL at the given location, p aj is the conditional probability of bird j carrying two RIR alleles, p dj is the conditional probability of bird j being heterozygous, and e j is the residual error. The calculations of these probabilities and QTL effects are described in more detail by Haley et al. (1994) .
Z Chromosome. Knott et al. (1998) developed methods for the analysis of the sex chromosome in mammals in the line cross model. This approach was modified for the analysis of the Z chromosome in chickens. In this experiment, only F 2 hens (ZW) were available, and contrasts were estimated between birds carrying the Z chromosome originating from the RIR and those that inherited the Z chromosome from the WL. The probabilities of recombination between a marker and a putative QTL are different compared to the autosomes because the Z chromosome does not recombine with the W chromosome within the female parent.
Significance Thresholds. The distribution of the test statistic under the H 0 of no QTL is unknown. Therefore, significance thresholds were determined empirically by permutation for individual chromosomes (Churchill and Doerge, 1994) . Two significance levels, suggestive and significant, were applied. For suggestive linkage, one false positive is expected in a genome scan (Lander and Kruglyak, 1995) . The chromosome-wide P-value for suggestive linkage of a specific chromosome equals the contribution (r) of that chromosome to the total genome length, which was obtained by dividing the length of a chromosome by the total analyzed length of the genome (2,311 cM). For determining significant linkage, a 5% genome wide significance level was applied (Lander and Kruglyak, 1995) . To derive genomewide significance levels from the chromosome-wide significance levels, the following Bonferroni correction was applied:
Neither of the significance levels takes account of the testing of multiple traits and multiple models.
The information along the linkage groups was calculated as previously described by Knott et al. (1998) . Confidence intervals for QTL positions were obtained by bootstrapping in which complete combinations of phenotype and genotype were resampled with a replacement to test the sensitivity of the parameters. Sorted F-ratios were used to determine the test statistic value corresponding to a desired 90% confidence interval (de Koning et al., 2000) . This procedure is an alternative to other bootstrapping strategies in which QTL positions of the replicates are sorted to determine an empirical confidence interval (Knott et al., 1998) . The method used here allows for noncontinuous confidence intervals and is closer to the traditional LOD drop-off methods.
The general strategy to detect multiple QTL followed the method developed for half-sib analyses (de Koning et al., 2001) . Briefly, after the initial QTL mapping of individual chromosomes, genomewide significant QTL positions were used as cofactors. Their effects were re-estimated jointly with multiple linear regression. For each linkage group, the phenotypic data were adjusted for the effects of all unlinked cofactors, and interval mapping was repeated. The significance thresholds were determined by permutations by using the phenotypes adjusted for the cofactor effects.
RESULTS
Genetic Linkage Map
We have used 99 microsatellite markers spanning the nine largest linkage groups (chromosomes 1, 2, 3, 4, 5, 6, 7, and 8, and sex chromosome Z) and five small linkage groups (E29C09W09, E30C14W10, E36C06W08, E47W24, and E48C28W13W27) (Figure 1) . The polymorphism information content (PIC) values of markers were, on average, 0.58. The average information content value (IC) of all linkage groups was 0.49, but the least informative regions scored less than 0.28. The linkage groups covered 2,311 cM (Haldane), with an average spacing of 23.34 cM between markers.
The estimates on the length of the complete genome range from 3,064 to 3,800 cM, based on the Kosambi mapping function (Groenen et al., 2000) . Because Haldane map distances are longer than the Kosambi distances, our study covered 48 to 60% of the whole chicken genome. The linkage maps (Figure 1 ) generated from this study are mostly in agreement with the order of markers in the chicken consensus linkage map (Groenen et al., 2000) . The only exception is marker HUJ12, which maps to chromosome 6 with a two-point LOD of 93.3, and an estimated recombination fraction of 0.05 between HUJ12 and ADL40. Markers MCW247 (chromosome 2) and ADL345 (chromosome 8) have been mapped only in the Wageningen reference population. MCW170 (chromosome 4), MCW133 and ADL315 (both chromosome 7) have been mapped only in the East Lansing population, and MCW129 (chromosome 4) in the Compton map (http://www.ri.bbsrc.ac.uk/cgi-bin/mapviewer?species=chicken).
QTL Mapping
Fourteen genomewide significant and six suggestive QTL effects were found for three egg quality traits and seven egg production traits. No QTL were found for eggshell quality at 60 wk of age or for feed efficiency. No QTL were found in the small linkage groups E30C14W1029, E29C09W09, 36C06W08, E47W24, and E48C28W13W27. No additional QTL were revealed by multiple QTL analyses fitting significant QTL positions as cofactors.
Egg Quality Traits
Egg White Quality. A genome wide significant QTL affecting egg white thinning at 40 wk of age (HU40) was detected on chromosome 2 (Figure 1 ). The RIR allele has an additive effect of −5.3 ± 1.2 HU and the QTL explains 7% of the total phenotypic variance of the F 2 population (R 2 ) ( Table 2 ). For HU60, there is a QTL in the same region with an additive effect of −8.6 ± 2.1 HU. The phenotypic correlation between HU40 and HU60 was +0.48 in the population. The F-ratio cut-off values for 90% confidence intervals were 7.64 for HU40 and 7.17 for HU60, placing the most probable location for the QTL between 75 and 133 cM (HU40) or between 85 and 122 cM (HU60). In The additive effect given for Rhode Island Red QTL allele is half of the phenotypic difference between birds carrying two Rhode Island Red alleles and those carrying two White Leghorn alleles; estimates are given with standard errors.
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The dominance effect is the deviation of the phenotypes of the heterozygous birds from the mean of the groups of homozygous birds; estimates are given with standard errors. R 2 is the reduction (in %) of total phenotypic variance due to the presence of the QTL.
addition, suggestive QTL affecting egg white thinning (HU40) were detected on chromosome 4 at 215 cM and on chromosome 8 at 11 cM (Figure 1) . Eggshell Quality. For ES40, a QTL at the end of the chromosome Z (Figure 1 ) was detected. The RIR allele effect was −1.6 ± 0.4 kiloponds, which equals 2.8 standard deviations. The R 2 was 5%. The 90% confidence interval ranged from 97 to 142 cM (Table 2) . A suggestive QTL affecting specific gravity (at 40 wk of age) was detected in the middle of chromosome 5 (Figure 1 ).
Egg Production Traits
AFE. A QTL affecting AFE was found on chromosome Z (Figure 1) ( Table 2 ). The information content for chromosome Z is over 0.8 in the 90% confidence interval of 65 to 137 cM (Table 2) . On chromosome 3, there seems to be a single suggestive QTL affecting AFE (Figure 1) , where the RIR effect was −2.6 ± 1.1 d with no dominance effect (Table 3).
Egg Weight. QTL effects on egg weight in both production periods (EWa, EWb) were found on the end of chromosome 4 (Figure 1 ), explaining 16 and 14.5%, of the phenotypic variance, respectively (Table 2) . Another area affecting both EWa and EWb, mapped to the middle of the Z chromosome (Figure 1 ). In addition, a QTL affecting egg weight in the late production period was found on chromosome 2.
Egg Number. QTL affecting egg number were found in the middle of the Z chromosome (Figure 1) . The RIR allele effect for ENa was −9 ± 1.7 eggs, and for ENb, −5.6 ± 1.4 eggs ( Table 2) . A QTL on chromosome 8 also affected ENa, in which the additive RIR effect was +6.8 ± 2.3 eggs and the dominance effect was +10.9 ± 3.5 eggs. There was also a suggestive QTL affecting ENa on chromosome 4, and ENb on chromosome 5 (Figure 1 and Table 3 ).
BW and Feed Intake. A highly significant QTL (P < 0.00001) was detected on chromosome 4 for BW40, which mapped to the same area as the QTL for egg weight ( Figure  1 ). The additive effect of the RIR allele was +189 ± 19 g. The dominance effect was nonsignificant. This QTL explained 25.8% of the phenotypic variance (Table 2) . A QTL for FI40 was identified in the same region (Table 2) . The additive effect given for the Rhode Island Red QTL allele is half of the phenotypic difference between birds carrying two Rhode Island Red alleles and those carrying two White Leghorn alleles; estimates are given with standard errors.
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DISCUSSION
In the present study, 16 traits and 14 chromosomes were analyzed. We detected 14 significant QTL and six suggestive QTL that were located on chromosomes 2, 3, 4, 5, and 8 and the sex chromosome Z. Some of the traits were highly correlated. For example, for EWa and EWb, which had a phenotypic correlation of 0.89, QTL effects in the same chromosomal regions were often observed. Therefore we assume that some of the QTL are not distinct but reflect the effect of one QTL on correlated traits.
A QTL on chromosome 2 seemed to affect HU40 and HU60 with a phenotypic correlation of +0.48. The negative effect of the RIR allele on egg white quality followed expectations, because the RIR parent line has low Haugh units. The effect of the RIR allele on egg weight at the QTL for EWb in the same region was also negative, which was an unexpected finding considering that egg weight was generally higher in the parental RIR line. On the other hand, such cryptic alleles have been reported (e.g., de Koning et al., 1999) for other species. Although the confidence intervals for the QTL on chromosome 2 are overlapping, with the current resolution it is impossible to determine whether there is more than one QTL in the area or whether egg white thinning and egg weight were affected by a single QTL with pleiotropic effects. The information content of markers on chromosome 2 was very poor in the area to which the QTL were mapped. Use of more markers or a multiple-trait analysis might lead to better resolution.
A very interesting area was found at the end of chromosome 4, around 173 to 230 cM (Figure 2 ). The QTL for egg weight, BW, and feed intake map to almost the same position. All the RIR allele additive effects are positive, which agrees with the genetic correlations and the observation that larger chickens generally eat more and lay larger eggs (BW40 for RIR grandparental birds was 2,300 g, whereas it was 1,560 g for the WL birds). The phenotypic correlations between these traits in the F 2 generation were between +0.21 and +0.35 (http://www.mtt.fi/julkaisut/ chickenqtl). There was also a suggestive QTL affecting ENa with an additive effect of −10.2 ± 3.4 eggs and a large dominance effect of +17.54 ± 6.8 eggs in the same area (Table 3 ). These effects mean that a F 2 hen with a heterozy- gous RIR/WL QTL genotype laid on average 27 more eggs in a period of 22 wk than a hen RIR/RIR genotype. The chicken CLOCK gene, affecting the circadian rhythm, has been mapped to the same area (Noakes et al., 2000) on chromosome 4 and is a possible candidate gene for the detected QTL.
The only QTL area affecting eggshell specific gravity was detected on chromosome 5. It was suggestive with a very wide confidence interval (Figure 1 ). On chromosome 8, there was a suggestive QTL affecting HU40. It had a very high positive (over) dominance effect (+3.9 ± 1.1 HU) with no additive effect (Table 3) , which indicated that there was no difference between the homozygous birds but that the difference between the heterozygous (RIR/WL) and the mean of the homozygous birds was very high.
The QTL region on the Z chromosome was a large area including QTL for sexual maturity, egg weight, and number of eggs in both the recorded laying periods, as well as eggshell strength (Figures 1 and 3) . AFE had a phenotypic correlation of +0.29 and +0.22 with EWa and EWb, respectively. The estimated correlation between AFE and ENa was −0.52, but there was no significant correlation between AFE and ENb.
The production QTL on the Z chromosome map to two different marker intervals (Figures 1 and 3) . The QTL that map to the marker bracket MCW241-MCW154 showed a positive effect of the RIR allele on egg weight for both laying periods. For QTL that map to the marker bracket MCW154-MCW246, the RIR allele was associated with later onset of laying and a fewer eggs in both laying periods. Despite the different marker intervals, all of these effects could be explained by a single QTL (later onset of laying leading to a smaller number of eggs and larger eggs).
The Z chromosome has not been analyzed in any of the reported genome scans for the chicken. The high number of QTL on the Z chromosome detected in our analysis may explain the success of using male and female lines in poultry breeding.
The candidate gene studies by Feng et al. (1997; indicated that the growth hormone receptor (GHR) on the Z chromosome was associated with body weight and abdominal fat deposition and also, possibly, with egg production from AFE to 273 d of age. In the present study, QTL effects on egg production (EWa, EWb, ENa, and ENb) were detected; their locations were closer to the centromere of the Z chromosome than GHR, which is at 28 cM on the consensus map (both maps have ADL22 at location 0 cM). In this study, no effect on BW was found.
The late feathering K gene is also located on the Z chromosome near the marker ADL22. The K gene has been reported to affect growth, egg production, and fitness (Chambers et al., 1993) . In the present study, three-quarters of the F 1 males were heterozygous for K / k + , and, thus, the gene was segregating in F 2 hens (being K / − or k + /−), but no effect was found on BW or egg production in the estimated position of the K gene.
Several QTL on different chromosomes were found for many of the studied traits, such as HU40, AFE, ENa, EWa, and EWb. The RIR allele effect on AFE was −2.6 d on chromosome 3 and +2.76 d on chromosome Z. The effect of RIR alleles on EWa and EWb on chromosomes 4 and Z were positive, but on chromosome 2, the effect was negative. For ENa, the RIR effect was +6.8 eggs on chromosome 8 and −9 eggs on chromosome Z. Thus, the line-specific effect of individual loci can be positive or negative, regardless of the phenotypic difference between the grandparental lines. The F-ratio profiles are shown for genomewide significant QTL affecting (A) average egg weight between 18 and 40 wk of age (EWa) and average egg weight between 41 and 60 wk of age (EWb) and (B) for total number of eggs between 18 and 40 wk of age (ENa), for total number of eggs between 41 and 60 wk of age (ENb), and for age at first egg (AFE).
Further analyses (grid searches for two QTL on the same chromosome and analyses of parent-of-origin effects) will provide more information about the inheritance models involved. Fine mapping with backcross generations will give as more information about putative candidate genes affecting these traits.
